Aflatoxin contamination is a major constraint in food production worldwide. In peanut (Arachis hypogaea L.), these toxic and carcinogenic aflatoxins are mainly produced by Aspergillus flavus Link and A. parasiticus Speare. The use of RNA interference (RNAi) is a promising method to reduce or prevent the accumulation of aflatoxin in peanut seed. In this study, we performed high-throughput sequencing of small RNA populations in a control line and in two transformed peanut lines that expressed an inverted repeat targeting five genes involved in the aflatoxin-biosynthesis pathway and that showed up to 100% less aflatoxin B 1 than the controls. The objective was to determine the putative involvement of the small RNA populations in aflatoxin reduction. In total, 41 known microRNA (miRNA) families and many novel miRNAs were identified. Among those, 89 known and 10 novel miRNAs were differentially expressed in the transformed lines. We furthermore found two small interfering RNAs derived from the inverted repeat, and 39 sRNAs that mapped without mismatches to the genome of A. flavus and were present only in the transformed lines. This information will increase our understanding of the effectiveness of RNAi and enable the possible improvement of the RNAi technology for the control of aflatoxins. (I.L. Power). also produces aflatoxins G 1 and G 2 [10] . Efforts to reduce aflatoxin accumulation in peanut have been focused on crop management practices and biocontrol, as well as on germplasm improvement aimed at resistance to drought and to infection by A. flavus [11] [12] [13] . Since the early 1960s, when aflatoxins were discovered, attempts to eliminate these mycotoxins in crops have failed, and no consistent effective method is available yet.
Introduction
Aflatoxin contamination is a major constraint in the production of food worldwide. In the United States alone, aflatoxin contamination costs farmers and the peanut industry millions of dollars in losses each year [1] . Aside from causing high production costs, aflatoxins are a major health issue; they can cause acute hepatoxicity, immunosuppression [2] , and stunting in children [3] . It is estimated that 4.5 billion people are chronically exposed to aflatoxins in the developing world [4] . Periodic outbreaks of aflatoxicosis occur due to ingestion of contaminated food and result in hundreds of human deaths in Asia and Africa [5, 6] . Furthermore, 58% of liver biopsies in cases of hepatocellular carcinoma have shown presence of aflatoxin B 1 (AfB 1 ) [7, 8] .
In peanut, aflatoxins are mainly produced by Aspergillus flavus Link and A. parasiticus Speare, but these pathogens can infect and produce aflatoxins in many other agriculturally important crops [9] . Aspergillus flavus produces AfB 1 and AfB 2 , and A. parasiticus single-stranded RNA and are mostly processed by DCL1 into 19-24 nucleotides in Arabidopsis, whereas siRNAs are derived from dsRNA and cleaved into 20-24 nucleotides by DCL2, DCL3 or DCL4 [24] [25] [26] . In Arabidopsis, loading of sRNAs onto a specific AGO depends on the nucleotide at the 5 -terminal end of the sRNA, for example, miRNAs with a uridine (U) at their 5 end are predominantly associated with AGO1, and miRNAs that start with an adenosine (A) are predominantly associated with AGO2 and AGO4 [27] .
Recently, Arias et al. [22] transformed peanut plants to generate dsRNA simultaneously targeting five genes in the aflatoxin biosynthesis pathway of A. flavus. In several of the transformed peanut lines obtained there was an 84-100% reduction in aflatoxin accumulation compared to the control. In order to gain insight into the putative involvement of sRNAs in the reduction of aflatoxin accumulation in peanut, we performed high-throughput sequencing of sRNAs from two transformed lines and compared the sRNA profiles to a control. We obtained 89 known miRNAs, two transgene-derived siRNAs, and we predicted 10 novel miRNAs that are putatively involved in the reduction of aflatoxin accumulation. This information enhances our understanding of RNAi of aflatoxin production, and will enable the possible improvement of RNAi technology for the control of aflatoxins.
Materials and methods

Seeds
Seed of RNAi-transformed and control peanut plants were used in this study. Transformed peanut lines (288-10 and 288-11) were obtained through Agrobacterium-mediated transformation, by integrating dsRNA targeting five genes involved in aflatoxin biosynthesis (RNAi-5x) as previously reported [22] . The five genes were AFL2G 07223 (aflS or aflJ), AFL2G 07224 (aflR), AFL2G 07228 (aflC/pksA/pksL1), AFL2G 07731 (pes1), and AFL2G 05027 (aflatoxin efflux pump, aflep); numbers correspond to accessions in A. flavus genome annotation (BROAD Institute, Cambridge MA), other names are in parentheses [28] . Peanut line 288-9 went through the process of transformation but did not carry the RNAi-5X insert or the selectable marker neomycin phosphotransferase II (NPTII), and was used as a control. The hull-scrape method [29] was used to determine maturity stages of pods, and first-generation immature and mature seed (T 0 seed) harvested from transformed plants and control plants, were used for RNA extractions and challenging experiments.
Detection and expression of the selectable marker NPTII and the RNAi-5x insert
For the detection and expression analyses, total RNA was extracted from non-inoculated half cotyledons of immature and mature seeds, after 24 and 48 h incubation, using RNeasy Plant Mini Kit (Qiagen, CA) in the Qiacube robot. Complementary DNAs were synthesized using 1 g of RNA per sample, combining random hexamers and oligo-dT in Superscript III First Strand Synthesis Super Mix (Invitrogen, MA). Detection of the selectable marker NPTII was carried out using single-tube nested PCRs (STN-PCR), as described by Gomes et al. [30] with modifications by Arias et al. [22] , using external primers PCAPD 5714F: 5 -AGGCTATTCGGCTATGACTG-3 and PCAPD 6446R: 5 -CGTCAAGAAGGCGATAGAAG-3 , and internal primers PCAPD 5730F: 5 -ACTGGGCACAACAGACAATC-3 and PCAPD 6249R: 5 -ATATTCGGCAAGCAGGCATC-3 . Briefly, the STN-PCR involves two PCR reactions, performed in one tube, in 20 l total volume, containing 4 l of 5x Phire reaction buffer (Carlsbad, CA), 1.25 mM dNTPs, 0.4 l Phire Hot start II DNA polymerase (Carlsbad, CA), 10 pmol of each forward and reverse external primers, 1.0 l DNA template, and 13.4 l RNase-DNase free water. Before amplification, 100 pmol of each forward and reverse internal primers were dried with bromophenol blue in the cap of a 0.5-ml PCR tube, by incubating the tube at 37 • C. The amplification conditions consisted of 2 rounds of an initial denaturing step at 98 • C for 30, followed by 22 cycles of 98 • C for 5s, 65 • C for 5s and 72 • C for 15s, and a final extension at 72 • C for 60s. After this first round, the tubes were inverted to dissolve the internal primers that had been immobilized in the cap, and the reactions were placed back into the thermal cycler to continue with the next-cycle round, using the same conditions. The PCR products were separated on a 1% agarose, visualized by staining with ethidium bromide, and photographed over UV light using the Kodak Gel logic 200 Imaging System.
To detect the RNAi-5x insert, primers 35S-PDSFw: 5 -CCTAACAGAACTCGCCGTAA- 3 and DirAll-Nco-Rv: 5 -ATGCCATGGGGTTATTGGGTGCAGAATGG- 3 were used with genomic DNA, extracted from peanut leaves of putatively transformed plants. The PCR reaction, 20 l total volume, contained 4 l of 5x Phire reaction buffer (Carlsbad, CA), 1.25 mM dNTPs, 0.4 l Phire Hot start II DNA polymerase (Carlsbad, CA), 10 pmol of each forward and reverse primer, 1.0 l DNA template, and 13.4 l RNase-DNase free water. The amplification conditions were an initial denaturing step at 98 • C for 30s followed by 40 cycles of 98 • C for 5s, 63 • C for 5s and 72 • C for 15s, and a final extension at 72 • C for 60s. Agrobacterium tumefacium C58C1 containing plasmid p5xCAPD, that harbored the RNAi-5x-insert, was used as a positive control, at 2-and 10-fold dilutions, with or without plant tissue (to test for possible PCR inhibitors). The PCR products were separated on a 1% agarose, visualized by staining with ethidium bromide, and photographed over UV light using the Kodak Gel logic 200 Imaging System.
Expression of the RNAi-5x insert was analyzed by quantitativereverse-transcriptase PCR (qRT-PCR) on ABI 7500 (Applied Biosystems, CA). For detection of expression of the selectable marker NPTII, primers RT NPTII 1 6871F: 5 -CTCGCTCGATGCGATGTTTC-3 and RT NPTII 1 7004R: 5 -GCAGGATCTCCTGTCATCTC-3 were used. Two sets of primers were used to detect expression of the RNAi-5x insert: RT 5x 1 105F: 5 -GGTGGCATTGGACCGTCTTG-3 and RT 5x 1 232R: 5 -CGCATCGAGGACAGGTTGTG-3 ; and RT 5x 2 95F: 5 -CCATGTTTCTGGTGGCATTG-3 and RT 5x 2 229R: 5 -ATCGAGGACAGGTTGTGTTG-3 .
The peanut housekeeping gene actin was used as reference gene, using primers Actin-Fw: 5 -CACATGCCATCCTTCGATTG-3 and Actin-Rv: 5 -CCAAGGCAACATATGCAAGCT-3 [31] . The qRT-PCR reaction, 24 l total volume, contained 12 l of RT 2 SYBR Green qPCR Mastermix (Qiagen, CA), 10 pmol of each forward and reverse primer, and 5.0 l of a 1:6 dilution of cDNA template. The amplification conditions were 50 • C for 2 min, 95 • C for 10 min, followed by 45 cycles of 95 • C for 15s, 58 • C for 60s, and 72 • C for 60s. The numbers of cycles for C T =1 were calculated by regression and the fold change was expressed as Log2 of the numbers of cycles, as previously reported [32] .
Seed inoculations and aflatoxin analysis
First-generation immature and mature seeds harvested from transformed and control plants, were challenged with A. flavus isolate NRRL 3357 (provided by Dr. Bruce Horn), as described by Arias et al. [22] . Briefly, seeds were surface sterilized and imbibed in sterile deionized water, after which the seed coats and embryos were removed. The cotyledons were cut in half, placed with the cut side up on 1.5% water agar, and inoculated with 2 l of A. flavus spore suspension of 10 × 10 6 spores ml −1 . Plates containing the inoculated and non-inoculated half cotyledons were incubated at 30 • C for 24, 48 and 72 h. Detection and expression of selectable marker NPTII and the RNAi-5x-insert. A: Single-tube-nested-PCR detection of NPTII. M: 1 kb plus DNA ladder (Invitrogen, MA); MM: PCR master mix (negative control), pDNA: plasmid DNA of Agrobacterium harboring plasmid p5xCAPD that contained the RNAi-5x-insert (positive control). The 500 bp band represented the presence of NPTII. B: PCR detection of the RNAi-5x-insert. M: 1 kb plus DNA ladder (Invitrogen, MA); AB: Agrobacterium harboring plasmid p5xCAPD that contained the RNAi-5x-insert (positive controls); PT: Plant Tissue. Fractions 1 /2 and 1 /10 represent 2-and 10-fold dilutions of DNA. The 938 bp band represented the presence of the RNAi-5x-insert. C: Real-Time PCR detection of expression of the RNAi-5x-insert using primers sets RT 5X 1 and RT 5x 2, on immature and mature cotyledons of transformed lines 288-10 and 288-11 at 24 and 48hr incubation; gray line: CT = 1. Histograms represent the means and standard error bars (T) of three biological samples with three technical replicates. The relative quantification of RNAi insert was normalized with respect to the housekeeping gene actin as an internal control and comparative fold expression of the transgene.
Cleanup procedure and Ultra-Performance Liquid Chromatography (UPLC) of aflatoxins in experimental and control samples were performed as described by Sobolev and Dorner [33] with modifications as described by Arias et al. [22] . Briefly, seeds were extracted with methanol followed by a cleanup procedure on a mini column packed with basic aluminum oxide. Aflatoxins were separated in a UPLC instrument equipped with a matching UPLC Quaternary Solvent Manager, UPLC Sample Manager, UPLC Fluorescent Detector, and a C18 2.1 mm × 50 mm, 1.7 m column. Aflatoxin identity was determined by obtaining their UV and mass-spectral data and comparing them with published data [34] . Aflatoxin concentrations in samples were determined by reference to peak areas of commercial standards.
High throughput sequencing, annotation, and differential expression of small RNAs
Non-inoculated half cotyledons of immature and mature seeds from transformed lines 288-10 and 288-11, and control line 288-9, were sampled after 24 and 48 h of incubation. Total RNA was extracted from the half cotyledons using Trizol reagent (Invitrogen, MA) according to manufacturer's protocol. High-throughput sequencing was performed by LC Sciences (Houston, TX) on the Illumina GAIIx platform, and 12 non-replicated libraries were obtained. Unmappable reads (reads containing adapter sequences and reads shorter than 15 nucleotides), as well as reads that mapped to mRNA, Rfam or Repbase were discarded. Mappable reads, ranging from 15 to 45 nucleotides in length were mapped to pre-miRNA and mature miRNAs in miRBase v21.0, using Bowtie 2.0, to identify known miRNAs. MicroRNAs with a minimum read count of 100 in at least one of the libraries were considered in the analyses.
To identify potentially novel miRNAs, the reads were aligned with the genomes of the diploid parents (Arachis duranensis and A. ipaënsis; www.peanutbase.org) of cultivated peanut. The following parameters were used: number of allowed errors in one bulge in stem ≤ 12; number of basepair (bp) in stem region ≥ 16; minimum free energy (dG in kCal/mol) ≤-15, length of hairpin (up and down stem + terminal loop) ≥ 50; length of terminal loop ≤ 350; number of allowed errors in one bulge in mature region ≤ 8; number of allowed biased errors in one bulge in mature region ≤ 4 number of allowed biased bulges in mature region < = 2; number of basepair (bp) in mature or mature* region: ≥ 12; percentage of small RNA in stem region (pm) ≥ 80%; number of allowed errors in mature region ≤7. In order to identify siRNAs that possibly derived from the transgene, reads that did not map to miRNAs in miRBase or A. duranensis and A. ipaënsis were mapped to the RNAi-5x insert and the A. flavus genome. Potential target genes were predicted using the software program psRNATarget (http://plantgrn.noble. org/psRNATarget/) [35] .
Normalized reads were used to determine the differential expression of the sRNAs. The fold-change between transformed and control peanut was calculated as: fold-change = Log2 (transformed/control). Small RNAs were considered upregulated if Log2 ≥ 2 and downregulated if Log2 ≤ 2. Heat maps were constructed using the software program CIMminer (https://discover.nci.nih. gov/cimminer/home.do)
Results
Detection and expression of RNAi-5x insert and NPTII
The selectable marker NPTII and the RNAi-5x insert were detected in both transformed lines, 288-10 and 288-11. Examples of PCR detection of NPTII and the RNAi-5x insert in transformed peanut lines are shown in Fig. 1A and B , respectively. The 500 bp band, representing the presence of NPTII, was present in the positive control (plasmid DNA of Agrobacterium harboring plasmid p5xCAPD that contained the RNAi-5x-insert), and in the positive plant; no band was detected in the negative control ( Fig. 1A) . The 931 bp band represented the presence of the RNAi-5x-insert, and was present in the positive controls (Agrobacterium harboring plasmid p5xCAPD that contained the RNAi-5x-insert, at different DNA concentrations, with or without plant tissue added), as well as in the positive plants. No band was detected in the negative control ( Fig. 1B) . Expression of the RNAi-5x insert was only detected in the immature seeds of transformed lines 288-10 and 288-11; the control was negative ( Fig. 1C ). High levels of expression of the RNAi-5x insert were observed by Real-Time PCR in line 288-10 and low levels in 288-11, after 24 h incubation; no expression of the RNAi-5x insert was detected at 48 h incubation in any of the lines (Fig. 1B ).
Aflatoxin analysis
To test the effectiveness of RNAi-mediated potential control of aflatoxin accumulation, we directly applied conidia of A. flavus NRRL 3357 on cut half cotyledons from which the embryos and testa had been removed. In the first experiment only few seeds were available, so they were not separated by maturity stages. The level of AfB 1 and AfB 2 after 72 h incubation was 92% and 95% lower than the control, respectively, with highly significant differences, Tukey's test P < 0.009 for AfB 1 and P < 0.001 for AfB 2 (Fig. 2 ). When sufficient seeds were available, the seeds were separated into two maturity groups by yellow and brown mesocarp (immature and mature seed, respectively). In mature seeds of line 288-10, the levels of AfB 1 (Fig. 3A ) and AfB 2 (Fig. 3C ) were 80% and 78% lower, respectively, compared to the control, however, these differences were not statistically significant ( Fig. 3A, C) . The immature seed, however, showed highly significant differences in the level of AfB 1 of both transformed lines 288-10 and 288-11 at 48 and 72 h incubation, compared to the control, Tukey's test P < 0.004 and P < 0.002, respectively (Fig. 3B ). The overall reduction in the level of AfB 1 in immature seed at 48 and 72 h was 100% and 100% for line 288-10, and 98% and 98% for line 288-11, respectively ( Fig. 3B ). Highly significant differences were also found for both transformed lines, compared to the control for the level of AfB 2 at 48 and 72 h, Tukey's test P < 0.001 and P < 0.011, respectively (Fig. 3D ). The overall reduction in the level of AfB 2 in immature seed at 48 and 72 h was 100% and 98% for line 288-10, and 97% and 99% for line 288-11, respectively ( Fig. 3D ).
High throughput sequencing of small RNAs
Twelve non-replicated small RNA (sRNA) libraries were generated from immature (I) and mature (M) seeds of control (288-9) and transformed (288-10 and 288-11) peanut lines, at two incubation periods (24 and 48 h). After removal of adapters and low quality reads, and retaining reads of 15-45 nucleotides (nt) in length, the obtained mappable reads ranged from 6.9 million to 14.4 million reads for each of the libraries (Fig. 4 ). The abundance of sRNAs in mature seeds of control line 288-9 (288-9 M) was higher than in immature seeds of this line (288-9I), at both incubation times, Fig. 4A -B. The opposite occurred for the libraries of the transformed lines, where the abundance of sRNAs in immature seeds of lines 288-10 and 288-11 (288-10I and 288-11I) was much higher than in mature seeds of these lines (288-10 M and 288-11 M), respectively ( Fig. 4C-F ). For all 12 libraries, the majority of sRNAs were 21 or 24 nt in length, and had uridine (U) or adenine (A) as 5 terminal nucleotide, with percentages ranging from 32 to 45%, while the percentage of sRNAs that had cytosine (C) or guanine (G) ranged from 12 to 21%. This phenomenon was similar for transformed and control lines.
Abundance and expression profiles of known peanut miRNAs
To identify known miRNAs, the sRNA libraries were mapped to plant miRNAs in miRBase (v 21.0). There were 41 known miRNA families identified in the libraries of the transformed and control peanut lines. Several of the miRNA families identified contained multiple members, but the majority of the miRNA families, 19, were represented by just one member (Table A1 ). The miR166 family was represented by the largest number of members (12), followed by miR156, with 10 members. Expression levels of members of the same miRNA family differed drastically, for example read counts of miR166 ranged from 1 or 2 reads to more than 167,000 reads in the different libraries (Table A1) .
Thirteen of the 21 peanut miRNAs annotated in miRBase were detected in the transformed and control peanut libraries. The miR-NAs not detected were miR394, miR3510, miR3512, miR3515, miR3517, miR3518, miR3519, and miR3520. Furthermore, miR162, miR166, miR168, miR169, miR171, miR172, miR390, miR894, miR1507, miR1511, and miR2118 are not reported in miRBase as peanut miRNAs, but have been reported by Chi et al. [36] and Zhao et al. [37] , and these miRNAs were detected in our libraries as well (Tables A1, A2 ). The miRNA families miR319, miR2592, miR2673, miR2916, miR5072, miR5083, miR5368, miR5538, miR5652, miR5724, miR6025, miR6108, miR6300, miR64788175, and miR9410 have not been reported in peanut before. Three miRNA families were present in very high abundance, with more than 10,000 read counts in at least one library; these were miR159, miR166, and miR482. Seventeen miRNA families were in medium high abundance, with more than 1000 read counts in at least one library: miR156, miR167, miR168, miR319, miR408, miR894, miR1507, miR1511, miR2118, miR2916, miR3508, miR3511, miR3514, miR3516, miR5368 and miR6300, miR8175. (Table A2) .
To determine the miRNAs that may be associated with reduction in aflatoxin production, we compared the fold-change of miRNAs in the libraries of transformed and control lines. We found that 39 of 3C ) were 80% and 78% lower, respectively, compared to the control. In immature seed the reduction in the level of AfB1 at 48 and 72 h was 100% and 100% for line 288-10 (P < 0.004), and 98% and 98% (P < 0.002) for line 288-11, respectively. the 41 miRNA families may be involved in suppression of aflatoxin production: the miRNAs belonging to the miRNA families miR156, miR159, miR160, miR162, miR166, miR167, miR169, miR171, miR172, miR319, miR390, miR398, miR408, miR482, miR894, miR1507, miR1511, miR2118, miR2592, miR2673, miR2916, miR3508, miR3509, miR3513, miR3514, miR3516, miR3521, miR5072, miR5083, miR5368, miR5538, miR5652, miR5724, miR6025, miR6108, miR6300, miR6478, miR8175, and miR9410, were differentially expressed (either upregulated or downregulated) (Table A3 , Fig. 5 ). Some miRNAs were exclusively differentially expressed in a specific line, seed maturity, or incubation time (regardless of seed maturity): ahy-miR166a-3py, ahy-miR166a-3pz, ahy-miR166a-3px, and ahy-miR166a-3p were downregulated only in immature seed of line 288-10, incubated 24 h (288-10I-24), and ahy-miR156b-5p was only upregulated in 288-10I-24. The miRNAs ahy-MIR156e-p3x, ahy-MIR156c-p3x, ahy-miR6300xb, ahy-miR6300xa, ahy-miR6300z, and ahy-miR482b-3pz were downregulated in 288-10I-24 but upregulated at 48 h incubation in both lines, regardless of maturity. The miRNA ahy-MIR3509-p5x was only differentially expressed (upregulated) at 48 h incubation in both 288-10 and 288-11, in both immature and mature seed. Some miRNAs were downregulated in immature seed, but upregulated in mature seed: ahy-miR894z, ahy-miR894y, ahy-miR894x, ahy-miR5072x, ahy-MIR5724-p3x, ahy-MIR5652-p3x, ahy-MIR5652-p5x, ahy-MIR5652-p5y, and ahy-MIR6025c-p3y were downregulated in immature seed of line 288-10 (288-10I), but upregulated in mature seed 48 h incubation of both transformed lines 288-10M-48 and 288-11M-48 ( Fig. 5 ). The target genes of the differentially expressed miRNAs are related to plant development, morphology or flowering time, transcription factors, and plant metabolism (Table A2 ).
Expression profiles of putatively novel miRNAs
To identify novel miRNA candidates, the reads that did not map to miRNAs in miRBase were aligned to the diploid progenitors of cultivated peanut, A. duranensis and A. ipaënsis (www. peanutbase.org), since the genome of A. hypogaea is unavailable. In total 70 potential novel miRNA candidates were identified in the different libraries (data not shown). To identify novel miRNAs Table 1 Differentially expressed predicted novel miRNAs in immature (I) and mature (M) seeds of transformed lines 288-10 and 288-11, compared to the control 288-9, expressing the RNAi-5x insert that targets five genes involved in aflatoxin production. that possibly contribute to the reduction of aflatoxin production in the transformed lines, miRNAs with the [Log2] ≥ 2, and a minimum read count of 100 in at least one of the libraries, and that have no errors in the mature region were identified; 10 novel miRNAs fit these conditions (Tables 1 and A4 ). All novel miRNAs were upregulated after 24 h incubation but downregulated after 48 h incubation in both immature and mature seeds of line 288-10 ( Fig. 6 ). In order to determine the functions of the predicted novel miRNAs, their targets were predicted using psRNATarget (http://plantgrn.noble.org/psRNATarget/) [35] ; ahy-novel-2 putatively targets drought-responsive family protein, and ahy-novel-4 putatively targets disease resistance proteins. Other targets are related to regulatory mechanisms, plant metabolism, and transcription factors (Table A5 ).
Small RNAs homologous to the RNAi-5x insert and A. flavus
Since the RNAi-5x insert was constructed from five A. flavus genes involved in aflatoxin biosynthesis, to identify siRNAs involved in reduction of aflatoxin production we mapped the reads that did not map to miRBase or the A. duranensis and A. ipaënsis genomes to the RNAi-5x insert and to the A. flavus genome. We found two siRNAs matching the RNAi-5x insert, mapping to gene fragments aflS/aflJ and aflC/pksA ( Table 2 ). In addition, 34 sRNAs, 20-24 nt in length, were perfect matches to the A. flavus genome, and only present in the transformed lines, however, the abundance of these sRNAs was low, 7 reads or less (Table 3) .
Discussion
This is the first report on small RNA sequencing of genetically transformed peanut plants for silencing five genes in the aflatoxinbiosynthesis pathway of A. flavus, obtained as described by Arias et al. [22] . Research on plant-induced RNAi silencing of single fungal genes has shown reduction of aflatoxin levels in the range of 60 and 97% [17, 23, 38] . Masanga et al. [23] demonstrated a 14-fold reduction in aflatoxin accumulation in transformed maize, expressing a hairpin construct targeting aflR. In our study the cotyledons of transformed peanut challenged with A. flavus, exhibited between up to 100% lower levels of AfB 1 , and between 74 and 100% lower levels of AfB 2 than the control. Line 288-10 showed consistently low levels of aflatoxins, whereas line 288-11 had overall lower levels of aflatoxins during the first 48 h incubation (Figs. 2-3). Differences found between transformed lines 288-10 and 288-11 were not surprising, since plant biotechnology using RNAi usually showed wide variations between transformed events, both in silencing and phenotypes (reviewed by McGinnis [39] ).
Our data indicate that the enzymes involved in RNAi were active. In Arabidopsis, 21-nt sRNAs are produced by DCL4, 24-nt sRNAs by DCL 2 or DCL 3, and DCL1 produces miRNAs that are 22 nucleotides in length [27, 40] . In this study a large percentage of the sRNAs had read lengths of 20-24 nucleotides, which is typical for DICER-processed sRNA products [24] [25] [26] . The size distribution of the sRNAs in peanut is also consistent with previous reports [36, 37] . Furthermore, the majority of sRNAs had a uracil or adenine as 5 terminal nucleotide, which suggest preferential loading onto AGO1, and AGO2 and AGO4, respectively [27] ; these enzymes have a crucial role in the RNAi process.
As peanut seeds mature, multiple changes in their physiology and chemical composition occur [41, 42] , even total levels of RNA steadily increase during the first eight days of germination [43] . The sugar content in kernels changes as they mature (higher in immature kernels) [42, 44] , and Manda et al. [42] positively correlated sucrose with AfB 1 . Arias et al. [32] furthermore demonstrated a correlation between low water potential, laccase production by A. flavus, and the difference in aflatoxin accumulation in immature versus mature seeds. Hence, to gain information on small RNAs associated with reduction of aflatoxin accumulation in seeds at different maturity stages, we sequenced sRNAs in non-inoculated immature and mature seed of transformed and control peanut. This study is novel in its identification of miRNAs that were only expressed in the transformed lines, as well as miRNAs that were exclusively differentially expressed either in immature or in mature seeds. Since peanut has an indeterminate growth habit, and seeds of varying maturity stages are present at harvest information on maturity-specific or transgene-specific miRNAs could be useful to design additional targets for RNAi-mediated silencing. Expression of the RNAi-5x insert also varied with seed maturity (Fig. 1) . Three of the five fragments of the RNAi-5x insert (aflep, aflS/aflJ, and aflC/pksA) were expressed in immature seeds after 24 h incubation, with up to 150-fold higher expression of fragment aflS in immature seeds of line 288-10 than in immature seeds of the control line 288-9; in mature seeds, this fragment was barely detected. Expression under the control of the 35S-promoter is not always uniform; it can be affected by environmental conditions [45] , type of tissue, and developmental stage [46, 47] . At the same time, in the pathway of RNAi, the rate of mRNA decay and the rate of siRNA decay can vary significantly [48] . Whether absence of expression at 48 h was due to low 35S-promoter driven transcription, or to fast degradation of the RNAi-5x insert by DICER proteins (DCLs) remains to be answered. It will be useful to correlate levels of mRNA/siRNA expression/decay and aflatoxin accumulation to determine the thresholds for efficacy.
The RNAi-5x insert used to transform peanut was developed from exogenous A. flavus genes, thus we expected the transgenederived siRNAs to be among the reads that did not map to miRBase or the A. ipaënsis and A. duranensis genomes. Similar to Zhao and Song [49] , who used a modified sequence of their transgene as a reference map, we used the RNAi-5x insert and the A. flavus genome as references to map the unmapped reads. Based on the UPLC analyses that showed high reductions in aflatoxin accumulation in the transformed lines compared to the control, we anticipated a large population of reads in high abundance that mapped to the RNAi-5x insert. In our data, we found two reads mapping the RNAi-5x insert, in very low abundance, yet, we found consistently low levels of aflatoxin in repeated challenging experiments in one or both transformed lines, particularly in line 288-10. Low copy numbers of sRNAs in peanut has been reported previously [36, 37] ; where, similar to our study, the majority of the peanut miRNAs had only one copy. Low copy numbers for transgene-derived siRNAs has been reported previously as well: Jahan et al. [50] found few and low copy numbers of transgene-derived siRNAs in transgenic potato expressing a hairpin RNA construct targeting the G protein ßsubunit (PiGB1) of Phytophthora infestans, which is an essential gene involved in the pathogenicity of this pathogen. Their transgenic line had reduced DNA content and growth of the pathogen, had less disease, and had reduced transcript levels of the PiGB1 gene compared to the wildtype, nevertheless, the Illumina sRNA sequencing of the line expressing the hairpin PiGB1 revealed only nine sRNAs that mapped to the PiGB1 gene, in low abundance.
In general, low-count miRNAs are considered to have weak or low biological importance or mRNA degradation effect [51] , because these low-count miRNAs have a quick turnover in evolution [52] . In our study sRNA turnover or degradation may better explain why few and low abundance transgene-derived reads were obtained in the libraries of the transformed peanut lines. In plants, the protein HEN1 plays an important role in stabilizing miRNAs and siRNAs by methylating their 3 ends [53, 54] . This methylation protects the sRNAs against exonucleolytic shortening and/or nontemplated nucleotide addition [53, 54] . For example, Ramachandran and Chen [55] found reduced levels of miRNAs and siRNAs in hen1 Arabidopsis mutants, as well as miRNAs with nontemplated 3 terminal nucleotides and 3 end truncated miRNAs. In our data, we identified two siRNAs mapping the RNAi-5x insert, in very low abundance, but when relaxing the parameters (e.g. by slightly increasing the numbers of mismatches) the numbers of sRNAs that mapped to the RNAi-5x insert increased tremendously, with the mismatches primarily at the terminal ends of the reads (data not shown). It is therefore possible that the sRNA levels necessary for detection may not have been reached because the sRNAs were already in the degradation process at the time of sampling.
In conclusion, we obtained 89 known miRNAs, two RNAi-5x-derived siRNAs, and we predicted 10 novel miRNAs that are putatively involved in the reduction of aflatoxin accumulation. This information enhances our understanding of RNAi of aflatoxin production, and will enable the possible improvement of the RNAi technology for the control of aflatoxins.
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Appendix A.
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Table A1
Total abundance of known miRNA families identified from non-inoculated immature (I) and mature (M) seeds of control line 288-9 and transformed lines 288-10 and 288-11, after 24 and 48 h incubation.
Abundance of miRNA detected per library miRNA family # family members 288-9I-24h 288-9M-24h 288-10I-24h 288-10M-24h 288-11I-24h 288-11M-24h 288-9I-48h 288-9M-48h 288-10I-48h 288-10M-48h 288-11I-48h 288- 11M-48h   miR156  10  3264  2307  17256  2517  4303  2678  6553  3566  4539  2301  3516  4030  miR159  6  18142  19195  26927  20142  13916  21443  43369  23383  22226  21847  22671  28868  miR160  3  1102  763  1694  590  634  578  645  472  1356  988  1208  906  miR162  1  121  170  723  198  155  105  389  328  139  210  166  162  miR166  12  140896  159260  35403  76707  101698  114250  72489  66074  116880  116908  113473  227949  miR167  4  889  1139  1208  1508  1895  1157  1250  860  1184  725  1472  1377  miR168  2  3833  3652  4427  1546  2293  1792  1666  2259  1845  2570  1812  1748  miR169  2  300  430  1484  80  179  125  642  423  730  202  465  541  miR171  1  14  21  2  86  65  67  0  7  57  16  33  22  miR172  1  54  72  13  10  7  22  159  34  20  43  24  28  miR319  4  796  908  965  348  387  984  485  926  481  1055  1646  3852  miR390  2  33  24  141  18  36  50  40  23  13  27  30  218  miR398  1  50  42  6  26  7  470  19  16  757  62  9  600  miR408  3  525  359  200  246  278  5702  77  135  9752  880  353  4260  miR482  4  25370  30819  1542  26369  23038  16063  2178  2966  24390  11456  16197  14944  miR894  3  1722  1282  55  1485  2106  1055  960  31  684  1106  1078  1176  miR1507  2  2879  2832  690  1382  1687  1133  1412  1999  1328  1529  1329  1698  miR1511  4  1466  987  11615  2106  1783  2715  7062  2681  4254  4196  4898  5153  miR2118  2  1973  2323  189  2096  2260  2361  265  285  4364  1587  2140  2678  miR2592  1  159  67  17  127  108  319  73  7  48  333  392  232  miR2673  1  37  16  4  134  139  92  8  15  92  26  44  56  miR2916  2  2456  957  584  2188  6605  1809  4295  143  600  3648  4012  3212  miR3508  1  642  1309  178  320  201  4987  27  256  7061  545  85  3521  miR3509  3  110  113  2242  615  445  473  901  1130  346  341  404  470  miR3511  1  982  827  932  1419  1093  1023  479  1602  1059  1189  1062  729  miR3513  2  67  55  615  60  46  42  694  471  68  65  93  102  miR3514  1  75  72  1895  115  47  43  833  1580  92  107  91  107  miR3516  1  296  388  1054  413  318  312  1330  819  189  133  194  217  miR3521  1  105  111  5  44  33  14  53  19  19  38  29  16  miR5072  1  247  148  2  82  263  270  223  1  31  177  150  383  miR5083  1  83  161  6  85  24  57  25  18  24  32  26  90  miR5368  2  2429  4211  576  3385  2251  2697  2730  3259  1029  1433  1441  983  miR5538  1  126  99  1  54  53  9  13  11  38  48  62  30  miR5652  3  263  88  11  102  582  110  952  7  52  367  314  367  miR5724  1  357  664  21  475  227  208  253  15  93  493  316  276  miR6025  1  51  68  0  83  71  70  15  1  10  29  19  21  miR6108  1  109  59  8  6  18  33  26  14  22  19  18  32  miR6300  9  24984  44722  424  33720  25552  23190  2676  1535  8252  16437  9440  7506  miR6478  3  111  77  445  206  115  243  915  278  104  180  285  360  miR8175  1  870  664  26  900  878  1165  404  19  235  516  441  717  miR9410  1  201  137  1  54  82  132  72  23  118  83  126  158  Table A2 Abundance of known miRNAs identified from non-inoculated immature (I) and mature (M) seeds of control line 288-9 and transformed lines 288-10 and 288-11, after 24 and 48 h incubation. . Reference miRNA  288-9I-24h  288-9M-24h  288-10I-24h  288-10M-24h  288-11I-24h  288-11M-24h  288-9I-48h  288-9M-48h  288-10I-48h  288-10M-48h  288-11I-48h  288-11M-48h  Target/Annotation  Function   ahy-miR156a L+1  61  108  237  56  76  42  126  110  128  107  149  85  SBP-like  TFs/Squamosa  promoter-binding  proteins   Floral organ  identity and  flowering time   gma-miR156a R+1  23  11  162  11  59  50  108  17  53  35  56  88  mtr-miR156b-5p  50  27  1878  44  85  80  407  117  156  79  110  113  ppe-miR156f L+1  2  2  1238  1  12  0  19  44  63  88  80  182  mdm-miR156ad R+1  23  5  524  17  62  62  267  59  94  86  133 -5p  12  12  64  5  2  2  2  3  27  36  16  119  gma-miR166a-3p 1ss1TA  188  237  31  96  150  158  101  100  154  146  118  305  gma-miR166a-3p 1ss21CT  259  311  52  128  162  208  119  129  204  183  173  405  gma-miR166a-5p 1ss10TG  59  38  26  11  22  29  17  9  28  30  31  532  gma-miR166a-3p 1ss21CA  340  386  85  183  250  260  235  215  308  282  276  610  gma-miR166a-3p 1ss2CA  413  418  105  203  287  331  217  183  308  322  309  652 -p3  504  386  1743  288  437  290  309  1397  833  1153  678  633  ARGONAUTE  gma-miR168a  3329  3266  2684  1259  1856  1502  1357  861  1012  1417  1134  1115  gma-miR169k  42  36  29  28  15  8  196  40  13  13  10  13  HAP2/NFY transcrition factors  mtr-miR169l-3p 3ss9TG10TG11T-258  394  1455  52  164  117  446  384  718  190  455  528  atr-MIR171b-p3 1ss14CT  14  21  2  86  65  67  0  7  57  16  33  22  Scarecrow-like transcription factors  ptc-MIR172i-p5 1ss10TA  54  72  13  10  7  22  159  34  20  43  24  28  APETALA2-like TFs  Speciation of flower  organ identity and  flowering time  gma-miR319d L+1R-2  148  12  115  15  10  24  1  159  17  276  318  499  -gma-miR319g L-1  149  23  244  26  8  16  18  244  20  336  442  590  gma-miR319p L-1R+1  345  819  577  303  366  932  458  441  440  332  803  742  mes-miR319a  153  54  28  4  3  11  7  82  4  111  83  2021  hex-MIR390b-p5 1ss21GT  0  0  126  1  1  0  18  7  1  1  2  1  TAS3-primary transcripts  gma-miR390a-5p  33  24  14  17  36  50  22  15  12  27  29  217  gma-miR398c  50  42  6  26  7  470  19  16  757  62  9 -3p  17  9  15  32  15  494  1  4  920  46  16  373  ahy-miR408-3p L-1R+1  507  350  184  214  261  5085  74  131  8805  830  335  3831  gma-miR482b-3p R-4  78  95  5  54  33  174  5  3  39  55  77  56  -gma-miR482b-3p R-6  97  180  11  152  79  1131  12  13  168  249  139  488  gma-miR482a-3p L-2 1ss14GA  2303  2172  278  1626  1697  649  520  705  5012  1582  2093  1810  gma-miR482b-3p  22892  28372  1248  24537  21229  14109  1640  2246  19171  9570  13889  12591 -p3 1ss15TC  147  142  31  206  204  195  313  11  78  156  165  272  peu-MIR2916-p5 1ss5AG  2309  815  553  1982  6401  1613  3983  132  522  3492  3847  2940  ahy-miR3508  642  1309  178  320  201  4987  27  256  7061  545  85  3521  -ahy-MIR3509-p3 1ss2CT  16  23  635  106  64  51  306  267  38  20  47  47  ahy-MIR3509-p3 1ss15TG  37  46  877  215  152  150  162  473  131  150  162  189  ahy-MIR3509-p5 1ss23TC  57  44  731  294  228  271  433  390  176  170  194  235  ahy-miR3511-5p  982  827  932  1419  1093  1023  479  1602  1059  1189  1062  729  -ahy-MIR3513-p5  1  8  347  13  2  3  414  269  6  10  12  12  -ahy-MIR3513-p3  65  47  268  48  44  39  280  202  62  55  82  90  ahy-miR3514-3p  75  72  1895  115  47  43  833  1580  92  107  91  107  -ahy-miR3516 L+1R-1  296  388  1054  413  318  312  1330  819  189  133  194  217  -ahy-MIR3521-p3  105  111  5  44  33  14  53  19  19  38  29  16  -osa-miR5072 L-4R-1 1ss12CT  247  148  2  82  263  270  223  1  31  177  150  383  -osa-MIR5083-p3 1ss23GT  83  161  6  85  24  57  25  18  24  32  26  90  -gma-MIR5368-p5 1ss1TC  534  765  56  398  419  253  263  221  117  323  297  181  -gma-MIR5368-p3 1ss17CA  1895  3447  520  2987  1833  2444  2466  3038  912  1110  1144  801  osa-MIR5538-p5 1ss23CA  126  99  1  54  53  9  13  11  38  48  62  30  -ath-MIR5652-p5 1ss7TC  51  12  1  16  145  21  126  1  8  46  34  50  -ath-MIR5652-p5 1ss6TC  82  41  4  46  222  25  271  3  16  132  87  107  ath-MIR5652-p3 1ss7TC  131  35  6  41  215  64  554  3  28  190  193  209  bra-MIR5724-p3 1ss2TA  357  664  21  475  227  208  253  15  93  493  316  276  -nta-MIR6025c-p3 1ss11CT  51  68  0  83  71  70  15  1  10  29  19  21  -cca-MIR6108a-p3 1ss12GC  109  59  8  6  18  33  26  14  22  19  18  32  -gma-MIR6300-p3 1ss18AG  59  280  13  421  133  77  28  8  91  111  108  43  gma-MIR6300-p5 1ss17AG  71  133  10  116  113  87  33  14  73  90  68  43  gma-miR6300 L-1R+13  79  58  6  133  73  53  33  10  47  117  43  46  gma-miR6300 L-1R+14  54  51  18  156  76  44  43  18  46  60  88  51  gma-miR6300 R+11  221  524  21  836  563  725  40  18  267  357  233  173  gma-miR6300 R+12  424  962  23  1116  660  1048  88  40  316  440  372  229  gma-MIR6300-p5 1ss27CT  241  292  67  355  473  565  106  48  185  236  314  260  gma-miR6300 R+13  1393  2279  45  1858  1938  2176  349  149  942  1464  1416  780  gma-miR6300 R+14  22442  40144  223  28728  21523  18414  1956  1232  6284  13563  6798  5880  ptc-miR6478 R+4 1ss21GA  27  10  65  27  18  20  104  43  7  2  3  2  -ptc-miR6478 R-1  40  38  219  99  51  81  265  136  34  41  38  41  ptc-miR6478 R-5  43  30  161  80  45  141  547  98  63  136  244  317  ath-miR8175 L-2R-1  870  664  26  900  878  1165  404  19  235  516  441  717  -bol-MIR9410-p3 1ss4TG  201  137  1  54  82  132  72  23  118  83  126 158 --
Abundance of miRNA detected per library
Table A3
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